ABSTRACT: An understanding of the factors driving halide segregation in lead mixed-halide perovskites is required for their implementation in tandem solar cells with existing silicon technology. Here we report that the halide segregation dynamics observed in the photoluminescence from CH 3 NH 3 Pb(Br 0.5 I 0.5 ) 3 is strongly influenced by the atmospheric environment, and that encapsulation of films with a layer of poly(methyl methacrylate) allows for halide segregation dynamics to be fully reversible and repeatable. We further establish an empirical model directly linking the amount of halide segregation observed in the photoluminescence to the fraction of charge carriers recombining through trapmediated channels, and the photon flux absorbed. From such quantitative analysis we show that under pulsed illumination, the frequency of the modulation alone has no influence on the segregation dynamics. Additionally, we extrapolate that working CH 3 NH 3 Pb(Br 0.5 I 0.5 ) 3 perovskite cells would require a reduction of the trap-related charge carrier recombination rate to ≲10 5 s −1 in order for halide segregation to be sufficiently suppressed.
s −1 in order for halide segregation to be sufficiently suppressed.
T he rapid rise in performance of metal halide perovskite photovoltaic devices over recent years has strengthened the prospects for commercial exploration of this technology.
1,2 However, the current market dominance of silicon solar cells 3 and their high power conversion efficiencies make direct competition challenging. One promising avenue is therefore the augmentation of existing silicon cells with perovskite thin films to form perovskite−silicon tandems, 4−7 which would allow manufacturers to partially circumvent the thermodynamic losses inherent to single-junction cells 8 and thus inexpensively increase overall cell efficiencies.
Highly efficient two-terminal tandem solar cells rely on the careful choice of bandgaps for the composite layers in order for the cell to extract maximum energy from the solar spectrum. Currently, the most promising hybrid perovskites for twoterminal cells are based on lead iodide−bromide perovskites (stoichiometry APb(Br x I 1−x ) 3 , where A is a monovalent cation, typically CH 3 NH 3 + , CH(NH 2 ) 2 + , Cs + , or a mixture thereof) whose bandgap can be tuned through the ratio of the two halide ions. 4,9−12 Unfortunately, photoluminescence (PL) techniques have revealed that the bandgap of these materials typically red shifts under illumination, 10, 13 an undesirable trait in particular for a tandem solar cell material. 14−16 This bandgap shift has been attributed to spatial segregation of the different halide ions in the perovskite, 13 resulting in separated regions of iodide-rich and bromide-rich perovskites within the remaining well-mixed phase. Charge carriers funnel and recombine in the new lowest-energy statesthose within the iodide-rich phasecreating the observed red shift of emitted light. It has been reported that, bizarrely, once the incident illumination is turned off, the perovskite gradually returns to its initial well-mixed state, with further segregation and remixing then inducible with illumination and darkness, respectively. 13 Reports have shown that halide segregation is dependent on the perovskite film morphology, with improved material crystallinity correlated with reduced amounts of segregation. 17−19 Halide segregation has also been observed in the absence of light, when charge carriers are injected into the film via an electric potential difference, 14, 16 and extraction of excited charge carriers from the perovskite film was found to lower the extent of segregation. 16 These observations imply that the existence of excited charge carriers in the material plays a prominent role in the halide segregation process; however, a consensus in the literature has yet to be reached on the full underlying mechanisms.
In addition, there is vast and varied literature on the changes observed in the optoelectronic properties of single-halide perovskites under different atmospheres. 20−28 Reports have shown that under light soaking an oxygen-rich environment increases the photoluminescence quantum yield (PLQY) of MAPbI 3 20−26 and MAPbBr 3 27,28 films (MA = CH 3 NH 3 + ), which has been attributed to a decrease in the density of electronic trap states. However, Quitsch et al. observed both photobrightening and photodarkening of MAPbI 3 films depending on the wavelength of the illumination source, 25 and Tian et al. found vastly different types of behavior even for different grains of the same MAPbI 3 film. 21 Humidity has also been reported to cause photobrightening in the short term; 20, 24, 27 however, over longer time frames both oxygen and humidity have been shown to individually cause degradation of perovskite films. 29−32 Under vacuum, a decrease in the PL signal upon light soaking is generally reported, 20, 28, 33 and under nitrogen, smaller changes are observed, which may carry signs of either photobrightening 23 or photodarkening. 20 To explain the observed changes under oxygen, it has been proposed that oxygen molecules diffuse into the perovskite crystal and react with photogenerated charge carriers 20,21 to form a superoxide species (O 2 − ), which is then well suited in its charge and size to fill iodide vacancies, thus passivating potential trap states. 20, 22, 24, 28 Alternatively, PbI 2 has also been suggested as the trap-passivating species, 26, 34 with photobrightening observed under a humid atmosphere 20, 24 attributed to the benign effects of PbI 2 formation.
These observations open the interesting question of whether the atmospheric effects that change the PLQE of perovskite films also influence the underlying dynamics of halide segregation. As the movement of halide ions through the film is thought to occur through lattice-site hopping, 35 a superoxide species residing in halide vacancy sites should decrease the halide ion mobility, which would then decrease the rate of halide segregation. As halide ions travel much faster along grain boundaries, 36−38 the formation of PbI 2 in these regions should also affect the rate of halide segregation. Furthermore, we show in this work that excited charge carriers that recombine through trap states influence the speed of halide segregation. Thus, any mechanism that changes the density of trap states should alter the segregation dynamics and the associated changes observed in the PL spectra.
Given the potential of mixed-halide perovskites as tandem solar cell materials, a detailed understanding of the underlying mechanisms behind these atmosphere-caused changes and halide segregation is desired, with the ultimate aim of suppression or exploitation of these mechanisms under working conditions. Unfortunately, the segregation dynamics reported from PL experiments in the literature are often inconsistent; even among similar perovskite compositions and illumination intensities, the time taken for halide ions to To induce repeated segregation and remixing, the films were exposed to eight illumination cycles, with a single cycle consisting of 15 s of illumination followed by 30 min of darkness. Illumination was achieved with a laser of wavelength 400 nm whose intensity was adjusted to provide excitation equivalent to AM1.5 solar illumination (see SI section S3). The bold blue lines show the mean integrated intensity of the PL originating from the iodide-rich phase (720−770 nm), while the bold green lines give the mean integrated intensity of the PL from the mixed-halide (640−690 nm), both scaled such that the initial mixed-halide PL intensity is set to 1. Bold lines are the calculated mean over several repeats of such runs on fresh areas of perovskite film (shown in section S4 of the SI), and shaded regions indicate the values within one standard deviation of the mean, thus highlighting the extent of spot-to-spot variations.
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Letter segregate varies between tens of seconds 13, 39, 40 and tens of minutes, 4, 41, 42 and the intensity ratio of the initial and final PL peaks varies between roughly 2 and more than 6. 4,13,39−42 In addition, the role of crystallinity in halide segregation [17] [18] [19] 39 and the role of excess halide ions in halide segregation 42, 43 have been debated. We note that in these and other 12, 44, 45 reports the PL measurements were conducted with the samples held in either nitrogen, in air, under vacuum, or in an unspecified atmosphere. Given the changes in PL intensities that are known to be induced by light in single-halide perovskites over time, such discrepancies in the literature may therefore potentially be caused by the differences in the atmosphere under which perovskites were held.
In this work, we resolve the contradictions in the literature by carefully examining the role of the environmental atmosphere on halide segregation dynamics in MAPb-(Br 0.5 I 0.5 ) 3 observed through PL experiments. We find that changes in the PL spectra of mixed-halide perovskites under illumination vary markedly under different atmospheres, with overall trends in PL amplitudes resembling changes observed in single-halide perovskites, which are however combined with environmentally dependent halide segregation dynamics. We demonstrate that the influence of atmospheric changes can be mostly suppressed by encapsulation of the perovskite films with a thick (>1 μm) layer of poly(methyl methacrylate) (PMMA), which allows for an examination of the role of photogenerated charge carrier density on the dynamics of halide segregation. We show that charge carriers recombining through trap-mediated routes are responsible for halide segregation, which allows us to create an empirical model for the growth of iodide-rich perovskite PL over time, as a function of various film and illumination parameters. From such considerations, we are able to predict that a reduction of the trap-related charge carrier recombination rate to ≲10 5 s −1 (τ PL ≳ 5 μs) would be sufficient for halide segregation to be largely suppressed in working perovskite solar cells based on MAPb(Br 0.5 I 0.5 ) 3 . As a reference point, we estimate the traprelated charge carrier recombination rate to be ∼5 × 10 6 s −1 in the MAPb(Br 0.5 I 0.5 ) 3 films that we study here (see section 8 of the SI). We are further able to reveal that if modulated light is used to photoexcite mixed-halide perovskites, the frequency of the modulation alone has no influence on the segregation dynamics. Finally, we conclude that light-induced halide segregation can be understood as a positive feedback system, initiated by electric fields arising from trapped charge carriers and further driven by funneling of charge carriers into the generated lower-energy iodide-rich domains.
We begin our study by establishing how atmospheric conditions influence the changes observed in the PL spectrum of mixed-halide perovskite films during halide segregation and remixing experiments. Assessment of such environmental factors is not only useful for research laboratory studies but will also give insight into the operation of these wide-bandgap materials under real-world conditions. Figure 1 shows that under illumination, the PL spectra of a MAPb(Br 0.5 I 0.5 ) 3 perovskite film exhibit a complex fingerprint of both halide segregation and atmospheric effects. Here, the 390 nm thick films were periodically exposed to light under different atmospheric conditions for eight cycles of induced halide segregation and remixing, where each cycle consisted of 15 s of illumination, followed by 30 min of darkness. Illumination was conducted by a laser of 400 nm wavelength at AM1.5 equivalent intensity (see SI section S3 for details). Four different atmospheric conditions were explored: vacuum (around 0.2 mbar), air, pressurized nitrogen (around 2 bar), and vacuum with a PMMA top-coating to encapsulate the perovskite films. In order to allow us to probe the full range of segregation and remixing dynamics, the periods of darkness were 120 times as long as the periods of illumination to ensure that the films had sufficient time to recover from the halide segregation. The graphs in Figure 1 show two integrated intensities from the perovskite PL spectrum (see Figure S4) ; a range of 720−770 nm is plotted in blue and follows the iodiderich perovskite PL peak, and a range of 640−690 nm is plotted in green and follows the mixed-phase PL peak, both scaled such that the initial mixed-phase PL measurement is set to 1. In order for us to account for spot-to-spot variations in the perovskite, several repeats under each atmospheric condition were performed on different areas of the films. The bold lines in Figure 1 show the averaged data from these repeats, and the shaded regions indicate values within one standard deviation of the mean.
Each light/dark cycle for any of the four atmospheric conditions clearly displays an increase in the PL signal of the iodide-rich phase under illumination, indicating that lowerbandgap, iodide-rich perovskite regions are forming within the remaining well-mixed phase. The growth rate of the lowbandgap signal is heavily dependent on the surrounding atmosphere, with different maximum PL signal intensities reached under the different atmospheres, despite identical illumination conditions used. As the low-bandgap signal was found to have returned to its initial value at the start of every repeat cycle, we conclude that the 30 min of darkness within each cycle was sufficient to allow the segregated perovskite to remix. However, under vacuum and under air, the films otherwise clearly do not fully revert to their initial states under darkness, given that the halide segregation dynamics recorded in subsequent cycles progressively differ from those observed in the first cycle. Comparing PL amplitudes from either the iodide-rich or mixed-phase peaks across similar points in each cycle (e.g., the last point of each cycle), we find that the longterm changes in the PL intensities displayed in Figure 1 are qualitatively similar to those reported for single-halide perovskites under comparable conditions. For such singlehalide perovskites, the PL has been found to decrease under vacuum, 20, 28, 33 increase in air, 20−28 and remain fairly constant under nitrogen, 20, 23, 27 similar to what we observe here for the average PL signal of MAPb(Br 0.5 I 0.5 ) 3 across cycles. Similarly, the large standard deviation we observe in the halide segregation dynamics for the mixed-halide samples held under air is reminiscent of the diverse PL changes reported in the literature for single-halide perovskites under illumination in air. 21 Such variations under air likely result from a combination of slight differences in the atmospheric composition, perovskite film inhomogeneity, the degree the perovskite contacts the atmosphere, and the fact that oxygen and water undergo complex chemical processes with the perovskite.
29−31 Importantly, we note that when MAPb-(Br 0.5 I 0.5 ) 3 films are coated with PMMA, the changes observed in the PL spectra under illumination in vacuum are highly repeatable between cycles (Figure 1d ). Under air and nitrogen, such PMMA coating also yielded a suppression of atmospheric effects (see SI section S4), although it was not as complete as that under vacuum.
Given these observations, we suggest that the proposed photoinduced processes that moderate charge carrier traps in
Letter single-halide perovskites under different atmospheres also occur within mixed-halide perovskites: under vacuum, the average PL signal across cycles is reduced as the number of electronic trap states in the perovskite film increases, 20,28 and under air, the formation of a superoxide species passivates trap states and increases the average PL signal across cycles. [20] [21] [22] 24 Under nitrogen or under vacuum with a PMMA coating protecting the films, on the other hand, neither the photobrightening nor the photodarkening process may occur. 20 These differences in electronic trap densities or efficacies may affect both the quantum efficiency of PL and the dynamics of halide segregation, leading to the large atmospheric variation in the curves displayed in Figure 1 .
Our observations also highlight that while halide segregation is reversible under certain atmospheric conditions, under vacuum or air, photoinduced changes occur that cannot be reversed under darkness. This irreversibility is an important issue as many measurements of halide segregation reported in the literature are not concerned with the remixing process in the dark but rather record halide segregation over one cycle only. 4, 12, [17] [18] [19] [39] [40] [41] 44, 45 However, it is apparent from Figure 1 that the atmospheric conditions under which halide segregation measurement is made will alter the dynamics observed. The difference in observed dynamics will be amplified if the perovskite is assumed to have recovered between measurements and measurements are then taken from the same area of the film. Thus, we suggest that comparisons of data in the existing literature must be done with care.
In addition, our findings elucidate the extent to which halide segregation will be reversible under real-world operating conditions for photovoltaic cells. As Figure 1d shows, the atmosphere-induced changes to the perovskite film can be prevented with a thick protective coating of PMMA. In working perovskite solar cells, the electrical contacts and charge carrier transport materials could most likely provide similar protection, and an additional encapsulation will most likely also be present. Therefore, halide segregation would most likely be fully reversible in commercial solar cell modules, although still clearly undesirable because of the associated voltage losses. In order to exclude atmospheric effects and focus on a scenario relevant to PV operation, we performed the remaining work in this study on PMMA-coated MAPb-(Br 0.5 I 0.5 ) 3 films held under vacuum.
Despite the large volume of literature 10,12−19,33,39−50 on halide segregation in mixed-halide perovskites, there is yet to be a definitive explanation of the underlying mechanisms that drive the different halide ions apart in the presence of light. There is evidence that excited charge carriers are responsible, 14, 16 but little is known about how these free charge carriers drive halide segregation. In order to probe how the density of charge carriers affects halide segregation, we illuminated perovskite films with a constant number of total photons over different lengths of time, thus changing the generation rate of free charge carriers. Keeping the total incident photon number constant meant, for example, halving the illumination laser intensity if the exposure time was doubled. We found that a subset of the photoexcited charge carriersthose that recombine through electronic trap statesdetermine the rate of halide segregation. This result provides further insight into the segregation mechanism and allows us to present a possible model for the observed halide segregation dynamics. Figure 2a shows how the growth of the PL signal from the iodide-rich perovskite (taken as the spectral integral between 720 and 770 nm) depends on the illumination exposure time and thus the photoexcited charge carrier generation rate. The PL intensity from the iodide-rich phase was normalized such that the initial integrated intensity of the mixed-phase peak (taken as the spectral integral between 640 and 690 nm) was set to 1, in order to provide a measure of halide segregation in terms of the relative peak amplitudes, independent of the different illumination powers used. These normalized PL intensities for each exposure time were then plotted against the cumulative number of photons incident per unit volume on the perovskite film. In each case, the low-bandgap PL signal starts at zero intensity (when the perovskite is well mixed) and then increases as the iodide-rich perovskite phase forms. In order to avoid spot-to-spot differences, following illumination the films were left in the dark so that the halides would remix for around , which is followed by a sharp onset in g. The inset shows a scaled view of the first five data points. The dashed lines are expected to pass through the origin because halide segregation is assumed to be absent when there is no charge carrier trapping or illumination.
Letter 45 min before the next exposure time experiment was performed on exactly the same area of the film.
The graphs presented in Figure 2a are particularly interesting because they reveal that as the illumination exposure time is increased an increasing level of halide segregation is encountered even when the same number of cumulative photons has been incident on the film. In other words, if halide segregation only depended on the accumulated number of photoexcited charge carriers generated, then there should be no difference between our experimental runs at points where the same total photon input has been incident, which is clearly not the case. For experiments with longer exposure time, the illumination intensity is lower, photoexciting a smaller charge carrier density within the perovskite film. Therefore, the efficacy of a charge carrier to induce halide segregation (per unit carrier) appears higher at lower charge carrier density. These observations can be understood if one considers the changing contributions of various charge carrier recombination processes in metal halide perovskites as the charge carrier density is increased. 51 While at low carrier densities, monomolecular, trap-mediated charge recombination dominates, radiative bimolecular band-to-band recombination becomes increasingly dominant at higher densities (see section S6 in the SI for detailed calculations). Thus, our data support the conclusion that excited charge carriers that recombine through trap states mediate halide segregation as we observe more segregation per photon at longer exposure time when lower charge densities lead to larger proportions of the excited charge carriers being trapped.
Further examination of the segregation dynamics reveals that the overall temporal evolution of the iodide-rich phase signal is extremely similar across all exposure times, i.e., the shapes of the curves are alike, with only the extent reached along the path dictated by the exposure time. In Figures S14 and S15 in the SI, we show that the traces displayed in Figure 2a can be superimposed on each other by a suitably chosen x-axis scaling for each curve. Mathematically, this indicates that a single global function will provide an accurate fit to all of the experimental runs, with only one local fitting parameter required to scale the x-axis to account for the different exposure times. We find that the following function empirically describes the intensity I (I-rich PL) of the PL originating from the iodide-rich phase in the perovskite accurately as a function of incident photons per unit volume
Here G is the generation rate of excited charge carriers per unit volume measured in cm
, t is time, A is a dimensionless global fitting parameter that is dependent on the exact method used to define I (I-rich PL) and measured to be 43.6 for our setup (see SI section S5 for more details), B is a dimensionless global parameter determined from fits to be 27.5 × 10 , and g is the local fitting parameter that represents the scaling of the x-axis, given in centimeters cubed. The functional form of eq 1 incorporates two main features that we observe in the data, which are that halide segregation appears to have a delayed onset, i.e., it shows an initially very flat/shallow rise whose gradient then accelerates and that the segregation slows and saturates at long exposure times. The delayed onset is captured by the first factor (the fraction) in eq 1, while the latter rise is represented by the second factor that reflects growth through an exponential asymptote with characteristic rise constant B. The final relative segregation attained is reflected by the expression tending to the value of A at long times. We note that a purely exponential form has previously been used to empirically fit the rise in the PL amplitude of the iodide-rich phase as the perovskite segregates, 39 but we find that this did not adequately capture the initial slow rise of signal especially visible at low exposure times, as highlighted in Figure S15 .
The fact that our data can be captured by a global function indicates that the underlying, intrinsic halide segregation dynamics rely on a single dominating mechanistic pathway, with the local scaling factor, g, providing a measure of the differing degrees of segregation in a unit volume caused per excited charge carrier at different illumination intensities. g can thus be thought of as a charge carrier efficacy for inducing halide segregation.
Increased exposure time serves to increase the proportion of charge carriers that recombine through trap states, which is shown in Figure 2a to be correlated with an increase in the amount of halide segregation caused per incident photon per unit volume. As excited charge carriers, rather than photons, have been shown to be an essential component driving the halide segregation mechanism, 14, 16 we therefore wish to determine the dependence of g on the fraction of charge carriers that recombine through trap states. By determining the generation rate of excited charge carriers from the exposure time and considering the relevant recombination constants for trap-mediated, bimolecular, and Auger recombination processes, we are able to determine the fractions for trap-mediated charge carrier decay in our measurements, as described in detail in SI section S6. Figure 2b then displays the scaling factor g (extracted from fits shown in Figure 2a ) as a function of the trap-mediated charge decay fraction. At low fractions of trap-mediated recombination (less than around 95%), Figure  2b displays a linear region (highlighted by the inset), possibly suggesting that the underlying halide segregation mechanisms depend linearly on the fraction of charge carriers that recombine through trap states in the perovskite films. This linear increase of g with the fraction of trapped charges reflects the increased efficacy of charge carriers for inducing halide segregation at longer exposure times, for which charge carrier densities are reduced in our experiments (constant overall photon dose). At higher fractions of trap-mediated recombination, there is a sharp onset in g, which we suggest is a result of the longer exposure times used in these experimental runs allowing for greater movement of the halide ions despite saturation of the fraction of trap-mediated recombination. This conclusion is supported by Figure S16 in the SI, which plots g against experimental exposure time and displays a linear region for the longest three exposure times (corresponding to the three data points within the sharp onset in g in Figure 2b ), suggesting that within this region the halide segregation mechanics become dominated by the time the sample is under illumination.
The phenomenological parametrization of halide segregation through eq 1 is highly useful as it allows for predictions to be made on the extent of halide segregation under various circumstances. As we show in detail below, such knowledge then allows, for example, an understanding of the recently observed 46 apparent dependence of halide segregation on excitation pulse frequency and assessment of the degree to which trap-related charge recombination has to be suppressed in order for halide segregation to become insignificant under
Letter PV operation conditions. Equation 1 depends on four parameters, A, B, G, and g, and one variable t, time. A and B both depend on the exact perovskite material excited under illumination, and A further depends on the definition used for the iodide-rich and mixed-phase PL peaks. For our experimental setup and perovskite films, we determined A and B to have dimensionless values of 43.6 and 27.5 × 10 −3 , respectively, which is assumed to be similar to the values of A and B for equivalent PL experiments performed on similar perovskite films. The charge carrier generation rate per unit volume, G, is calculated from knowledge of the illumination source and film thickness, and the charge carrier efficacy, g, is derived from its fitted, linear dependence on the fraction of charge carriers that recombine via trap states, as shown in Figure 2b . The fraction of trap-related charge recombination can itself be calculated from the illumination and recombination rate parameters (see SI section S6). Once A, B, G, and g are known, eq 1 determines the relative strength of the iodiderich PL, which is related to the degree of phase segregation the perovskite film has experienced. We note that while the form of the empirical function in eq 1 is expected to be inherent to perovskite films that undergo halide segregation, the values of A, B, and g may vary with composition (iodide:bromide ratio) and temperature. For the MAPb(Br 0.5 I 0.5 ) 3 perovskite under investigation at room temperature here, Figure 3 shows the resulting color plot representing the amount of segregation expected when the fraction of carriers undertaking trapmediated recombination or the number density of cumulative photons incident on the perovskite is varied. The map graphically illustrates how the degree of segregation a perovskite film experiences increases with the number of incident photons and/or fraction of charge carriers that recombine via trap states.
Interestingly, our findings allow us to resolve the reasons for an apparent dependence of halide segregation on the pulse repetition frequency of excitation that had recently been observed. Yang et al. reported that under pulsed laser illumination at fixed average power, the degree of halide segregation observed in a MAPb(Br 0.57 I 0.43 ) 3 perovskite film was dependent on the repetition rate of the laser pulses. 46 They observed that no significant halide segregation occurred below a pulse frequency of 500 Hz over the course of 10 min, whereas above this repetition rate they found an increasing dominance of an iodide-rich perovskite peak in the PL spectrum when the average intensity and time of the illumination were kept constant. We believe that their observations can be explained by our model as, in order to fix the average power to a constant value while changing the laser pulse repetition rate, Yang et al. correspondingly changed the instantaneous excitation pulse intensity, which would have altered the initially injected charge carrier density in the film. For example, a decreased repetition rate would require a higher pulse fluence (higher instantaneous intensity) to maintain the same fixed average intensity value, which would increase the charge carrier density injected with each pulse, thus enhancing the radiative band-to-band recombination rate and lowering the fraction of charge carriers that recombine through trap states.
The apparent frequency dependence observed in the study by Yang et al. is therefore an indirect effect, resulting from changes in charge-trapping with injected charge carrier density, and we would not expect a direct link between halide segregation and light modulation frequency. To prove this point experimentally, we performed a halide segregation experiment during which MAPb(Br 0.5 I 0.5 ) 3 films were exposed to light modulated by a square-wave ("on−off") function of 50% duty cycle and variable frequency (see the inset in Figure  4 ). Unlike in the study by Yang et al. 46 we therefore here kept both the pulse intensity and the overall intensity constant as the frequency was changed, i.e., the variation in frequency was accomplished by a mere change in the width of each squarewave pulse (see Figure S18 in the SI for a comparison sketch of the two different illumination scenarios). In contrast to the work of Yang et al. where the pulse duration was 10 ns, under these conditions the charge carrier generation rate under illumination will be in equilibrium over the pulse duration (which is much longer than the typical charge carrier recombination lifetimes) and independent of the modulation frequency. As shown in Figure 4 (and for further frequencies in Figure S19 in the SI), no change in segregation dynamics beyond minor random variations is observed when the frequency is varied over 2.5 orders of magnitude from 10 to 3500 Hz, thus proving that the pulse frequency of the illumination alone does not directly affect halide segregation.
Given the similarity in perovskite composition between our work and that of Yang et al., 46 we are further able to show that the observation of an apparent change in segregation dynamics with pulse repetition rate is fully compatible with the empirical Figure 3 . Color map showing the predicted relative PL intensity originating from the iodide-rich phase of a MAPb(Br 0.5 I 0.5 ) 3 film, as a function of both the fraction of charge carriers recombining through traps and the number of photons incident on the film per unit volume (G × t). The PL intensity is normalized such that 1 corresponds to the intensity of the mixed-halide PL in the absence of segregation and under similar illumination conditions. The black, dashed line indicates the points at which the PL peak of the iodide-rich phase begins to dominate the spectrum. The gray bordered squares represent halide segregation experiments performed by Yang et al. for which the average power of a pulsed illumination source was kept constant while the repetition rate of the laser pulses was varied. 46 The interior color of the squares roughly indicates the relative level of iodide-rich perovskite PL observed, which, together with other parameters, was extracted from the work of Yang et al., as described in section S7 of the SI. The good agreement of colors inside of the squares with that in their vicinity shows that the variation in repetition rate in these experiments only affects halide segregation because it also changes the fraction of charge carriers recombining through traps.
Letter model captured by eq 1. Using information provided in ref 46, we are able to evaluate the fractions of charge carriers recombining through traps and the number of incident photons per unit volume for the data taken by Yang et al. at different pulse repetition rates (see section S7 in the SI for full details). The squares shown in Figure 3 are then placed at the corresponding points on the graph, with the interior color of the squares indicating the corresponding level of low-bandgap PL growth reported by Yang et al. according to the scale on the right. Comparison of colors inside of the squares with the surrounding color of the false-color plot given by eq 1 thus allows for quantitative comparison of our empirical model against the outcome of their work. We note an excellent match between the two, in particular, the 2 kHz data point (yellow interior color) is indeed predicted and observed to fall where the iodide-rich perovskite emission begins to dominate the PL spectrum. Therefore, the apparent decrease in halide segregation with decreased pulse repetition rate in the experiments conducted by Yang et al. is solely related to the concomitant increase in initially injected charge carriers, which means that a larger fraction of charges will recombine through radiative band-to-band recombination, and consequently, fewer will be trapped.
From our empirical model of halide segregation, we are also able to determine the trap-mediated charge carrier recombination rate for which MAPb(Br 0.5 I 0.5 ) 3 perovskite would be sufficiently stable against segregation over the course of 1 day under 1 sun illumination. Such calculations are valuable as they can serve as guidance to materials design and set an outlook to what must be achieved in order to make perovskite−silicon tandem cells viable. The detrimental effect of halide segregation on PV device performance has recently been reported; 14 3 (FA = CH-(NH 2 ) 2 + ) perovskite devices under illumination when the films were operated at maximum power point or short-circuit conditions, rather than at open-circuit. 16 These observations can be fully understood within our empirical model because charge carrier extractiona process inherent in electricity generationprovides a competing process to that of charge carrier recombination, thus lowering the fraction of charge carriers that are trapped and therefore stabilizing the film against halide segregation. To account for such charge carrier extraction here, we use a simple approximation to integrate an extraction rate into the standard, third-order charge carrier recombination rate equation, as proposed by Lin et al.
Here, n is the charge carrier density, t is time, G is the generation rate, k 1 , k 2 , and k 3 are the trap-mediated (monomolecular), band-to-band (bimolecular), and Auger recombination rate constants, respectively, and c ext is the charge carrier extraction rate.
To determine the value of k 1 required to limit halide segregation, we first evaluate the borderline value of g for which I (I-rich PL) = 1 in eq 1, i.e., our condition of stability against halide segregation is that the PL originating from the iodide-rich phase must remain equal or smaller than the initial mixed-phase PL peak intensity. Solving eq 1 for this case while taking the generation rate, G, under solar illumination (see SI section S3), a time, t, of 12 h, and the fitting parameters A and B determined above to be 43.6 and 27.5 × 10 −3 allows us to determine the value of the scaling factor, g, which will prevent significant segregation under these conditions to be 1.01 × 10 −26 cm 3 . Extrapolating the linear fit presented in Figure 2b to this value of g then determines that the fraction of charge carriers that recombine through trap states must be lower than about 0.1% for significant segregation to be avoided in MAPb(Br 0.5 I 0.5 ) 3 films under solar illumination. Finally, under continuous illumination, eq 2 will be equal to zero, which allows us to determine the required value of k 1 given G, k 2 , k 3 , c ext , and the condition that the fraction of charge carriers that recombine through trap states, 52 From such considerations, we calculate a value for k 1 of 10 5 s −1 (corresponding to a PL lifetime of τ PL = (2k 1 ) −1 = 5 μs at low excitation fluence) to be just sufficient to prevent the iodide-rich perovskite PL peak from becoming dominant in the PL spectrum of MAPb(Br 0.5 I 0.5 ) 3 over the course of 0.5 days of full solar illumination (see SI section S9 for a more detailed discussion of the calculation presented here).
We note that values of k 1 near ∼10 5 s −1 have been achieved for other perovskites, 53 and hence it is not unfeasible that MAPb(Br 0.5 I 0.5 ) 3 could reach these with further advances in processing and defect passivation. In addition, mixed-halide perovskites other than MAPb(Br 0.5 I 0.5 ) 3 may be associated with a different set of parameters A, B, and g, which yield potentially less stringent requirements for lowering trap-related charge carrier recombination. We note that the Cs y FA (1−y) Pb-(Br x I (1−x) ) 3 system has shown much lower propensity for film is subjected to illumination through a chopper blade rotating at various frequencies. Curves start at zero and have been offset for clarity. The similar signal growth observed irrespective of chopper frequency shows that illumination pulse frequency has no direct effect on the halide segregation dynamics. Curves taken at additional frequencies are shown in Figure S19 in the SI.
Letter halide segregation in the critical region (0.3 < x < 0.5) than the corresponding MA-based perovskites 17 provided the Cs fraction is within the range of ∼10−30%. This system also exhibits clear correlations between trap-mediated recombination rates and propensity for halide segregation 17 but appears to achieve stability at higher values of k 1 than those we predict to be required for MAPb(Br 0.5 I 0.5 ) 3 . Therefore, with both stoichiometric and structural engineering, as well as lowering of defect concentrations, it should be possible to suppress halide segregation sufficiently in functional perovskite solar cells.
The results presented here on the role of electronic trap states in halide segregation allow us to propose the following description of the underlying mechanisms. Prior to illumination, iodide and bromide ions are entropically well mixed in the perovskite, which therefore has a constant bandgap across all regions of the film. Although the nature of trap states is not yet entirely understood in hybrid perovskite materials, 54, 55 reports have suggested that electrons are more likely to be trapped than holes 56, 57 and that these trapped carriers are very long lived (on the order of tens of microseconds). 57, 58 Initially upon illumination, any trapped electrons will electrostatically attract the photogenerated free holes, reducing the distance between the two and therefore minimizing the electric potential in the perovskite film. Additionally, random thermal movements of the halide ions and free charge carriers may eventually cause small regions of iodide-rich perovskite to form. With a higher valence band, 40, 59 these regions act to draw free holes away from the trapped electrons states, creating a degree of charge separation between the randomly distributed trap states and the iodide-rich regions of perovskite, which thus establishes an electric field in the film. This field increases the degree of halide segregation, which increases the degree of charge separation, thus increasing the strength of the electric field in a feedback loop. Eventually the perovskite film is maximally segregated and limited by back-diffusion of the halide ions due to the large concentration gradient, i.e., the film reaches equilibrium. Without illumination and once the trapped charge carriers have recombined, the created electric field vanishes and the halide ions diffuse and remix. This description explains various observed phenomena, including that charge carriers, 14, 16 electronic trap states, and film crystallinity 17−19 all influence halide segregation and the initially slow, asymptotic evolution ( Figure S14 and S15) of the iodide-rich perovskite PL intensity reported in this work.
In summary, we demonstrated that the environmental atmosphere has a profound impact on the halide segregation dynamics in MAPb(Br 0.5 I 0.5 ) 3 observed through PL experiments under illumination. In particular, repeated cycles of illumination followed by darkness did not yield identical results when the perovskite was held in air or vacuum, most likely because these environments induce trap passivation or formation, respectively, in analogy to what had previously been reported for single-halide perovskites 20, 22, 24, 26, 28 On the other hand, halide segregation was found to be mostly reversible under inert nitrogen or when the film was encapsulated with a PMMA coating. We conclude that in fully encapsulated photovoltaic devices, halide segregation should therefore be a fully reversible process. Our findings further highlight a potential source for the discrepancies between different reports of halide segregation in the literature, which may partly derive from experiments having been conducted in a variety of atmospheres. We suggest that coating samples with PMMA prior to investigation and careful recording of environmental parameters would be helpful for future experiments.
In addition, we explored the influence of trap states on the rate of halide segregation by monitoring the segregation dynamics for different charge carrier densities. We showed that the formation dynamics of iodide-rich emission from the perovskite film follows the same functional form, regardless of illumination conditions. We further established that the efficacy of a photon to induce halide segregation is higher the lower the charge carrier density, which we attribute to the larger relative fraction of charge carriers being trapped at these low densities. From these observations, we were able to establish an empirical model that directly links the amount of halide segregation observed in PL to the fraction of charge carriers recombining through trap-mediated channels and the photon flux absorbed. Such quantitative analysis allowed us to draw a number of conclusions on open questions on the mechanism driving halide segregation. For example, we were able to reveal that if modulated light is used to photoexcite mixed-halide perovskites, the frequency of the modulation alone has no influence on the segregation dynamics. In addition, we extrapolated that working perovskite solar cells based on MAPb(Br 0.5 I 0.5 ) 3 would require a reduction of the trap-related charge carrier recombination rate to ≲10 5 s −1 (τ PL ≳ 5 μs) in order for halide segregation to be sufficiently suppressed. Our results suggest that light-induced halide segregation is initiated by electric fields arising from trapped charge carriers and may be further driven by funneling of charge carriers into the newly formed lower-energy iodide-rich domains. These findings contribute to our understanding of the mysterious underlying mechanics of halide ion movement in perovskites and provide a framework for determining the conditions required for stabilized perovskite devices under working conditions. ■ ASSOCIATED CONTENT
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